Introduction
The mass electronics sector is one of the most important sources of wastes, both in volumes [1, 2] and in materials content terms [3, 4] , with dangerous effects on the environment. In fact, even if great improvements in the e-waste recovery (with relevant increases from the sustainability point of view) were done in comparison with decades ago, current performances are yet too low for counteracting the annual increase of generated wastes, especially if we consider WPCBs, or the most complex, hazardous, and valuable component of e-wastes [5] [6] [7] [8] . In addition, also from a supply chain point of view, improvements of collaboration between different actors were limited [9, 10] . To this aim, an important objective is the creation of a more efficient, lower cost and sustainable closed loop system [11, 12] . Basic guidelines for the reuse, recovery and recycling of WEEEs were established all over the world in the last decades, and lots of authors analysed and compared different WEEEs directives and national recovery systems [13] [14] [15] . However, all these analyses were either rarely or superficially assessed [16, 17] . In particular:
 WEEEs volumes are clearly increasing and their economic potentials was already assessed by the experts. However, they considered entire e-wastes, and not Printed Circuit Boards (PCBs) [18] ;
 Interesting economic models were already tested in different industrial contexts (e.g. the automotive sector), but not in the mass electronic industry [19] .
Given that, the first aim of this paper is assessing the potential profitability characterizing all the phases of a typical PCBs recovery process focused on WEEEs, in different plants configurations.
Secondly, potential profits will be exploited for both the comparison of different mixes of WPCBs treated by multi core plants and the definition of future profitability trends in Europe. These data could assist governmental and industrial actors during the definition of corrective measures on current directives. The paper is organized as follows: Section 2 presents the research framework and a description of the economic model considered within this work. Main results are presented in Section 3.
Additionally, a sensitivity analysis on the main critical variables (Section 4) and an overall discussion of results (Section 5) are conducted. Section 6 presents concluding remarks and future perspectives.
Research framework
PCBs are the most valuable component embedded into Electric and Electronic Equipments (EEEs).
The current amount of electronic systems is impressive. Only by considering that, on average, a PCB accounts for almost 3% of the overall weight of a WEEE, the expected volumes of PCBs are enormous and accountable in several million tons [20] . However, current WEEE directives (based on weighting principles) seems to do not adequately take into account their management [6, 21] .
European WEEEs volumes
The entire work presented within this paper starts from the overall amount of WEEEs generated in EU28 in 2012 [22] . It was selected as reference year because 2012 is the last year with data referred to all EU28 nations. These date were, then, divided into categories (Cat), by following the WEEE 
PCBs recycling processes
The recycling process can be seen as the sum of three main phases that, starting from PCBs, are able to obtain, as final output, a set of (almost pure) raw materials. These phases can be distinguished in: disassembly, pretreatment and refining [20] . During disassembly, hazardous components (e.g. condensers or batteries) are disassembled from the main board and destined to specific treatments. During pretreatment, PCBs are crushed into micro pieces up to become a uniform powder, through the use of several technologies (e.g. shredders and grinders). Then, powders are separated in metal and non-metal ones by exploiting different physical principles (e.g. density, magnetism, weight, etc.). Finally, metal powders are refined through the available technologies (e.g. pyrometallurgy, hydrometallurgy, or a mix of them), up to obtain almost pure secondary resources [16, 24] .
Recycling plants sizing
After having defined the typical phases constituting a PCBs recycling process, the plant sizing phase was done by following the available literature data [17, 25] . This way, the hourly productivity was set in 0.125 t/h and 0.3 t/h (for mobile and field plants, respectively). Furthermore, by  576 t powders/year (field plant).
These two configurations of a plant are proposed together because, within the EU-28, there are very different distributions of e-wastes from one country to another and within the same country, as evidenced in the previous subsection 2.1.
Economic model
The main features (see Section 1) characterizing almost all of the current economic models focused on e-waste recycling processes can be listed in three points: (i) the focus on a particular phase of the process [17] , (ii) the absence of standards in material composition of PCBs taken into account [16] , and (iii) the limited set of application fields [26] . In practice, the previous three lacks generated a particular kind of papers, focused on either operational costs comparison or theoretical economic models assessment A recent work covered this literature gap and, basing on the Discounted Cash Flow method (DCF), an economic model able to assess the profitability of a complete PCBs recycling process was proposed [19] . Reference indexes were selected to be Net Present Value (NPV) and Discounted Payback Time (DPBT). A summary of the main formulas constituting the original model are reported below:
Acepted by Renewable and Sustainable Energy Review (published in 2016, vol 64, pp. 749-760)
In the previous formulas 1°s means "disassembly" step, 2°s means "pretreatment" step and 3°s
means "refinement" step. The profitability of a recycling plant is influenced by two main variables, or materials embedded into WPCBs (identifiable from the primary WEEE category) and plant capacity. For this reason the set of selected scenarios evaluated in this paper are eight, or a combination of four WPCBs groups (Cat1, Cat2, Cat3 and Cat4 WPCBs), as defined in Section 2.1, and two plant sizes (240 t/y and 576 t/y), as defined in Section 2.3. Table 2 reports data about economic and technical inputs of the model. Results say that a mobile plant investment cost is evaluated in 639 k€, while the one for a fixed plant is assumed to be 1533
Economic and technical inputs
k€ [17, 25, 27, 28] . Economies of scale are the main cause of this difference, quantified in about observations were gathered from the most relevant websites dedicated on raw materials exchanges [29] [30] [31] . Initial assumptions about materials concentrations were taken directly from scientific literature [23] . However, in order to better explain the effects of relevant variables changes, a sensitivity analysis is proposed in the next Section 4. Source: [23, [29] [30] [31] After having defined the economic model structure (and related input values), all the financial indexes useful for the assessment of the investment will be estimated in Section 3.
Results
Waste recycling processes represent not only an environmental protection action, but also an economic opportunity. As already presented in Section 2, eight scenarios were analysed in this work, and is clear that the financial feasibility is verified only for two categories of WPCBs (Table   4) . The costs distribution analysis shows as the operational costs are equal to 94% for a field plant and 87% for a mobile plant (Fig. 2) works [19, 28] . The most relevant item is represented by WPCBs purchasing both for field and mobile plants (42% and 34%, respectively). This value is followed by labour costs (18% and 21%, respectively). Finally, transport costs are equal to 6.5% in the mobile plant. 
Sensitivity analysis
The obtained results are related to hypotheses on input variables. Hence, a strong variance of the expected economic profitability results could occur. This limit can be overtaken by implementing a sensitivity analysis on critical variables [19] :
 The materials content as percentage of a WPCB total weight for all the four categories.
The materials content was already analysed, in fact four categories of WPCBs were evaluated in this paper;  The materials market price is evaluated for three materials that, more than others, impact on revenues -see Fig. 1 The obtained results from this section confirm that profitability is not always verified. In particular,
in comparison to what presented in Table 4 In comparison to what proposed in [19] , all the proposed critical variables in Table 5 is higher than revenues increases). The limit given by the sensitivity analysis is the absence of an occurrence probability related to each phenomena. However, it is possible to observe as all the scenarios can have positive chances to verify, in fact: (i) the opportunity cost of capital can change because of either the effect of macro-economic conditions related to the specific nation or the nature of investors (private/public capital); (ii) the WPCBs purchasing cost can differ because of the different material composition of WPCBs; (iii) the secondary materials market price can be subjected to great oscillations -the standard deviation is a proxy of their amplitude -reaching their maximum level for precious metals (e.g. Au and Pd); (iv) the Au purity level could fall because of the selection of low performing technologies; (v) the plant's saturation level is strictly linked to the initial choice in terms of productive capacity and actual working hours. Future research streams could be the risk assessment of these choices. However, it is important to observe as the results proposed in this section can offer a more complete overview on the profitability coming from these mono-core plants. The subsequent section, from one side, will evaluate multi-core plants and, from the other side, will offer an assessment on the economic impact related to the recovery of these wastes in the European market.
Discussion
The aim of this section is double. From one side, the optimal mix of the four WPCBs categories will be estimated for both the two types of plants. From another side, the quantification of potential revenues coming from the correct management of e-wastes, and the analysis of their expected trends in the next 15 years, will be executed for the four WPCBs categories.
Optimal mix quantification
The first exploitation of data gathered from the Eurostat database about WEEEs generated volumes was the identification of profitability coming from a mix optimization of the four WPCBs categories presented in the previous sections. These economic values derives from the sum of the percentage of WPCBs of a certain category multiplied by the expected amount of materials embedded into them, and results are reported in the following Table 6 . However, two considerations have to be done. First of all, no productive setup are considered during the recycling process for the treatment of different WPCBs categories. Second point, waste WPCBs in input are considered to be recovered from specialized suppliers, and no evaluation of generic suppliers is done within this work. These two points could become interesting research objectives for future works.
The economic profitability characterizing only some WPCBs can be a strong obstacle to the development of the recycling sector, also in presence of favourable regulations and proved environmental advantages in n terms of reduced CO 2 emissions. The PCBs mix can be a factor able to modify this situation. In this section, the quantification of NPVs related to 28 fractional mixes (equal to 28 European countries assessed and presented in section 2.1) will be presented both for mobile and field plants ( Table 6 ). The main hypotheses taken into account are the following:
 Starting from WEEE volumes presented in Table 1 , WPCB volumes were calculated. To this aim, the fractional weight of WPCBs (out of the overall WEEE weight) was defined.
Acepted
Estimated values are 0.4%, 0.5%, 13% and 11% for Cat1, Cat2, Cat3 and Cat4 WPCBs, respectively [23] ;
 A multi core-core (and no more a mono-core) recycling plant requires both a dedicated interface with stakeholders from whom PCBs are collected and adequate change in operational phases of the recycling process. Given the lack of information on these aspects, the level of costs is considered to be constant. What is clearly evidenced by results is that profitability is verified in all scenarios and this derives from the presence of Cat3 WPCBs (57.3% in EU-28) and from the quasi-absence of Cat1 and Cat2
WPCBs within the related fractional mix (3.4% and 1% in EU-28, respectively). NPVs are higher in nations where the fractional mix sees a presence of Cat3 WPCBs higher than the European mean value (United Kingdom 83%, Italy 68%, Iceland 67%, Hungary 64%, Cyprus 61% and Romania 60%). The worst result is related to Finland, presenting a fractional data of Cat3 WPCBs equal to 38%. In the subsequent part of the section the analysis of pessimistic scenarios (where the percentage of Cat3 WPCBs will fall to 30%, 20% and 10%) will be implemented. Furthermore, Cat4 WPCBs (presenting a positive NPV in field plants -see Table 4 ) are hypothesised to have the same weight of Cat3 WPCBs and the remaining part of the mix is equally distributed between the remaining two categories. This way, the assessed scenarios are the following (the numbers represent the percentages related to each WPCB category within the mix of treated WPCBs):
 20%-20%-30%-30% scenario;
 30%-30%-20%-20% scenario;
 40%-40%-10%-10% scenario.
NPVs related to these scenarios are proposed in the following Figure 3 . Finally, in order to identify the European economic potential coming from the recovery of WPCBs embedded into WEEEs, it is needed to multiply the economic value proposed in Table 6 with the related volumes estimated in 2012 (Table 7) . This way, the current context delineate a clear picture where the implementation of PCBs recycling plants could improve both environmental and economic performances of the European industrial system.
Future profits quantification
Second aim of this section was the identification of future economic opportunities trend. To do that, the first data required was the overall amount of expected WEEEs generated from 2015 up to 2030.
These data, together with related trends, were directly gathered both from Eurostat (regarding 2012 collected volumes in EU28) and literature (regarding the expected growth rate, fixed in about 3%
per year even if some author speaks about a 5% rate) [19] . After that, it was possible to predict (with logical approximations) the expected profit (in a min -max range) coming from the correct management of these amounts of WPCBs. The following Table 8 reports all these data. However, it is important to underline the two main hypotheses taken into account, or: Table 6 . Maximum levels are even more interesting, going from 4.86 billion € up to 7.81 billion €. However, it is important to underline that minimum and maximum values were calculated on the fractional mix. These numbers, even if theoretical, demonstrate the utmost importance of WEEE's PCBs management and the amount of profits that could be potentially achieved. Without any doubt, this research will play a critical role in improving society and the world in terms of reducing waste, improving recycling, reducing reliance on natural, rare earth and precious materials, and improving resource efficiency and circular economy in key manufacturing processes where we rely on these materials. Interesting improvements of this work could be the assessment of environmental impacts of the recycling process, the analysis of different business models for the End of Life management of complex products, the proposition of corrective actions to current directives, and the assessment of recycling issues related to future waste streams.
Conclusions
Waste from Electric and Electronic Equipments are one of the most important sources of secondary raw materials. However, studies demonstrating their economic potentials are quite rare. The paper went in this direction. A quantification of the amounts of materials (and related economic values)
potentially recoverable from different types of WPCBs was implemented. Again, the expected profitability coming from WPCBs recycling processes was compared on two different types of plants (mobile and field ones) and into different scenarios, with an increased severity of the context. Furthermore, an assessment of different mixes of WPCBs was implemented for both the identification of the minimum level of Au content guaranteeing the profitability of recycling processes and the identification of the most relevant nations in terms of WEEE generated volumes.
Finally, basing on both NPV values and predictions about future WEEE volumes, a quantification of the potential dimension of the recycling market was described for the 2015-2030 period.
However, it is important to underline that the obtained economic values are so high, and different from common values available in literature, because of the joined selection of four WEEE streams instead of only one.
